The toxicity of radiation to living tissues was discovered soon after the discovery of radioactivity itself and this toxicity is the basis for cancer therapy with radiation. Although this mode of therapy is often eective, its success is far from assured. One major diculty in the implementation of radiotherapy is that normal tissues are also sensitive to killing by radiation so that treatment is often limited by the tolerance of normal tissues for radiation. Thus methods that sensitize tumor cells while sparing normal tissues could potentially lead to greater success with radiation as a therapy. Oncogenes are frequently altered in tumors, but are not in normal tissue making them potential targets for altering radiosensitivity and apoptosis in tumors.
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Eect of X-rays on cells
Perhaps surprisingly the characteristics of radiation induced cell death are not the same for all cells. Since Kerr and Wyllie coined the term apoptosis, the distinctions between necrosis and apoptosis have been highlighted as two distinct forms of cell death (Kerr et al., 1972; Wyllie et al., 1980) . Necrosis may occur after radiation although this is relatively rare. After irradiation some cell types indeed do die predominantly by apoptosis. Others however show little evidence of apoptosis. Even among cells in which apoptosis is readily observed the pattern or timing of apoptosis is dramatically dierent between cell types. Highly radiosensitive tissues containing cells such as thymocytes, intestinal crypt cells, or germ cells undergo apoptosis within 8 ± 24 h of exposure to radiation (Clarke et al., 1993; Hasegawa et al., 1997; Hendry et al., 1982 Ijiri and Potten, 1983; Ohyama et al., 1985; Yamada and Ohyama, 1988) . Before the general use of the term apoptosis, radiation biologists termed this form of death interphase death because the loss of viability preceded any cell division. Interphase death has the characteristics of apoptotic cell death including caspase activation, formation of DNA ladders, DNA cleavage, and nuclear fragmentation. For thymocytes and for colonic crypt cells, but not for crypt cells of the small intestine, the induction of apoptosis after irradiation is dependent on p53 and the striking radiosensitivity of these cells is also dependent upon p53. Both small intestinal crypt cells and more mature T cells undergo a rapid apoptotic death after irradiation, yet in these cases apoptosis appears to be independent of p53 (Clarke et al., 1993; Hendry et al., 1996 Hendry et al., , 1997 Lowe et al., 1993b; Merritt et al., 1997) .
The situation is more complex for other cell types including many tumor cells. After radiation apoptosis often occurs rapidly (within 24 h) in tumors derived from tissues that are highly radiosensitive including lymphomas or seminomas (derived from germ cells). However for the majority of tumor cells in culture, apoptosis does not occur soon after irradiation (Dewey et al., 1995; Harms-Ringdahl et al., 1996; Meyn, 1997; Radford, 1991; Radford et al., 1994) . In these cases apoptosis may occur, but only after cell division and often after multiple cell divisions. These cells may undergo delayed apoptosis after radiation yet not be particularly radiosensitive.
Primary ®broblasts do not undergo apoptosis within 48 h of irradiation. Instead they arrest in G1, an arrest that is p53 dependent (Di Leonardo et al., 1994; Linke et al., 1997) . It has been suggested that this arrest is characteristic of terminal dierentiation by ®broblasts (Bayreuther et al., 1988; Lara et al., 1996; Rodemann et al., 1991 Rodemann et al., , 1996 . Other cell types may show a division delay with a pronounced prolongation of G2, but subsequently continue to divide for several cycles. This pattern occurs in a variety of tumor cells including Hela cells. For up to 48 h after irradiation very little if any apoptosis may be seen in marked contrast to the eect irradiation has on thymocytes or many lymphoma cell lines that undergo apoptosis rapidly at 8 ± 10 h after irradiation. Following a pronounced prolongation of G2, these cells resume cycling for several divisions, even as many as ®ve generations after exposure to ionizing radiation (Hurwitz and Tolmach, 1969; Suit, 1967, 1969) . Eventually proliferation ceases resulting in a reproductive death that can sterilize a tumor, but not in a rapid metabolic death (Sinclair, 1964) . This eect is seen as a small or abortive colony. The blockade of proliferation without loss of viability should be sucient for cancer therapy. Although apoptosis is not seen immediately, it may occur later (Radford et al., 1994; Tauchi and Sawada, 1994) . Often the peak of apoptosis in vitro will be 48 h after irradiation of tumor cell lines (Bernhard et al., 1996b; Guo et al., 1997; McKenna et al., 1996; Vidair et al., 1996) . However apoptosis can be detected at even later times. Vidair et al. (1996) tracked immortalized rat embryo ®broblasts by intravital microscopy for 6 days after irradiation. Some of the daughter cells were seen to undergo apoptosis after four divisions and up to 6 days after irradiation. The continuation of cell division for several cycles after the lethal injury and the possibility in some cases of radiation inducing terminal dierentiation (a state that results in blocked proliferation, but not cell death) means that metabolic viability is not an adequate assay to judge radiation survival. Hence radiation survival is usually evaluated in assays that depend upon full colony formation such as clonogenic survival assays or dilution assays in microtiter plates; both assays that require colony formation and in which abortive colonies are not scored.
Radiation survival
The extent of apoptosis after radiation and of radiation survival has been shown to be in¯uenced by a variety of genes, but few have been used in strategies aimed at altering radiation survival. While the expression of p53 clearly aects apoptosis and survival in radiosensitive cell types such as thymocytes, its eect on less sensitive, more apoptosis resistant cells types is variable. Some tumor cells are in¯uenced in their response to radiation by the presence of wild type p53 while others are not (Bristow et al., 1996 (Bristow et al., , 1998 Chang et al., 1997; DeWeese et al., 1997; Haas-Kogan et al., 1996; Lee and Bernstein, 1993; Slichenmyer et al., 1993; Tsang et al., 1995; Wang et al., 1996; Yount et al., 1996) . The eects of Rb are also disparate with dierent results obtained in dierent settings (Bowen et al., 1998; HaasKogan et al., 1995; Tsang and Little, 1994) . Evaluation of the eects of bcl2 on survival would appear to be useful for judging the eects of apoptosis experimentally since overexpression of bcl2 will abolish the immediate induction of apoptosis. In the case of thymocytes that undergo early apoptosis after irradiation bcl2 enhances radiation survival (Reed, 1995) . In tumor cells induction of bcl2 abolishes apoptosis within 72 h of radiation and after treatment with chemotherapeutic agents, but survival may be unaected (Yin and Schimke, 1995) . Apoptosis may merely be delayed by the high levels of bcl2 (Milner et al., 1997) . With the later occurrence of apoptosis, bcl2 might not be expected to alter survival after treatment with DNA damaging agents or with radiation. The family of ras genes are also frequently mutated in cancers. Expression of the mutant oncogenic ras H inhibits the extent of apoptosis induced by radiation in transformed fibroblasts (McKenna et al., 1996) . The ras oncogene induces radioresistance in those cells suggesting that the ras oncogene might aect radioresistance (Ling and Endlich, 1989; McKenna et al., 1990; Samid et al., 1991; Sklar, 1988) . Inhibition of ras H action leads to radiosensitization and restores radiation induced apoptosis (Bernhard, 1996a; Miller et al., 1993) . There is also evidence that ras K aects radiation survival in that inhibition of ras K using prenylation inhibitors in cells with mutated ras K , but not with wild type ras K leads to radiation sensitization (Bernhard et al., 1998) . The inhibition of the neu oncogene through the use of dominant negative receptor components also leads to radiosensitization. Since neu signals through the ras pathway it is interesting to speculate that in some cases activation of autocrine growth factors and their receptors leads to signaling through ras that may also contribute to radioresistance in tumor cells (O'Rourke et al., 1998) .
Radiation survival in vivo may also depend upon apoptosis, although studies in vivo are limited in comparison to those done in culture. Transformed ®broblasts derived from animals with inactivation of p53 through homologous recombination are more resistant in cell culture, and tumors formed by these cells are more sensitive to radiation in vivo (Lowe et al., 1994; Lowe et al., 1993a) . The radiation response of tumor cells diers in vivo from that in tissue culture. The time course of apoptosis induction after irradiation is much more rapid in tumor xenografts than in the same cells grown in culture. Meyn's group noted the peak number of apoptotic bodies 4 h after irradiation in cells lines that in culture would undergo apoptosis at times from 24 ± 72 h after irradiation (Stephens et al., 1991 (Stephens et al., , 1993 . Radiation survival can dier when measured in culture in comparison to measurements in tumor xenograpfts. Waldman et al. (1997) found that colon tumor cells with p21 Waf1/ Cip1 eliminated by homologous recombination had the same radiation survival in culture in clonogenic assays as the parental cells, but the p21 de®cient tumors were more readily cured by radiation and they regrew with a greater lag in vivo. The dierence appears to be through apoptosis independent pathways (Wouters et al., 1997) . In other instances suppression of apoptosis in culture translated into altered survival in vivo. Wang et al. (1997) noted that genetic elimination of p21 Waf1/Cip1 increased the radiosensitivity of intestinal crypt cells in ATM de®cient mice and in this case they provided some evidence that the extent of apoptosis was the signi®cant factor. Targeted expression of bcl2 in the lymphocytes of transgenic mice altered their radiation survival in vivo (Van Houten et al., 1997). Rupnow et al. (1998) altered the radiation response of transformed rat embryo ®broblasts through inducible myc expression and found alterations in radiation survival both in vivo and in culture.
Radiosensitization of tumors
Since many of the oncogenes that aect the radiation response are also altered in human tumors, it is possible that these oncogenes might be targets for aecting radiosensitivity. This approach would target the tumor and spare the normal cells. Many methods of radiosensitization do not discriminate between normal and tumor cells and could result in severe damage to normal tissues without being able to substantially increase the lethality to the tumor. For example the use of gemcitabine a nucleoside analog that sensitizes both normal and tumor tissue as a radiosensitizer has resulted in major toxicity due to the sensitization of normal tissues (Gregoire et al., 1997; Shewach and Lawrence, 1996) .
Several targeting strategies focus upon p53. Caeine results in radiosensitization of tumor cells and also abolishes the radiation perturbations of G2 (Busse et al., 1978; Tolmach et al., 1977) . Caeine can alter the cellular response to damage into an apoptotic pathway. Hela cells, which normally do not undergo apoptosis within 72 h of radiation and which in general are quite resistant to induction of apoptosis by a variety of means, undergo apoptosis by 24 h as well as radiosensitization after exposure to caeine (Bernhard et al., 1996b) . What has been appreciated recently is that caeine radiosensitizes cells with inactive p53; cells with wild type p53 are resistant to this action of caeine. Drugs similar to caeine such as pentoxyphylline produce similar eects (Fan et al., 1995; Powell et al., 1995; Russell et al., 1995) . The clinical applicability of these drugs is limited since the doses of caeine and of pentoxyphylline required to produce radiosensitization are far above the amounts that can be safely administered in vivo. The possibility remains that a safer drug with a similar action could sensitize tumor cells with inactive p53 leaving the normal cells with wild type p53 unaected. Caeine has been shown to aect the activation of chk-1, a kinase that phosphorylates cdc25C (Kumagai et al., 1998) . Cdc25C is a phosphatase required to activate p34 cdc2 during the normal cell cycle. The activity of this phosphatase is reduced following radiation of cells (Barth et al., 1996 , Barratt et al., 1998 These experiments were performed in Xenopus oocyte extracts which in analogy to other embryonic tissues might not display p53 activity and hence may mimic tumor cells with mutant forms of p53.
Many labs have also attempted to radiosensitize tumor cells by transfection with p53 containing retroviruses or adenoviruses. Whether this strategy is selective to cells with mutant p53 is not entirely established. And the problem with gene therapy in regard to cancer is the diculty in delivery to the majority of cells in a tumor. Nonetheless there are promising results in this regard (Badie et al., 1998; Gallardo et al., 1996; Geng et al., 1998; Gjerset et al., 1995; Lang et al., 1998; Ogawa et al., 1997; ).
Lawrence's lab has developed a strategy based upon dierential perturbation of the cell cycle although this may be independent of p53 (Lawrence, personal communication) . This group noted that treatment of tumor cells with halogenated pyrimidines resulted in a G1 prolongation in some tumor cells, but not in others. Radiation resulted in increased toxicity in cells that continued to progress into S. Thus treatment with halogenated pyrimidines may delay the entry into S in wild type cells limiting the radiation toxicity since halogenated pyrimidines are especially toxic to cells in S (Davis et al., 1995; Lawrence et al., 1996a,b; McGinn et al., 1996) . The controls on the perturbation of cycling cells by halogenated pyrimidines are not currently understood.
As was indicated above, ras genes with oncogeneic mutations confer radioresistance both on human tumor cells and on transformed rat ®broblasts. Since the ras gene family are frequently mutated in human cancers, it has been proposed that targeting ras could allow radiosensitization of tumor cells without aecting normal tissues (Bernhard et al., 1996a; Miller et al., 1993) . Preliminary experiments would suggest that one result of blocking ras action is to increase radiation induced apoptosis (Bernhard et al., 1996a; Lebowitz et al., 1997c) . A variety of laboratories have attempted to block ras action by attacking the posttranslational processing of the ras proteins (Barrington et al., 1998; Cox and Der, 1997; Gelb et al., 1998; Gibbs et al., 1997; Sebti and Hamilton, 1997) . Ras H and ras K are farnesylated at their C terminal ends. Farnesyl transferase inhibitors prevent this posttranslational processing and block ras action. The problem with this approach is twofold. First ras proteins are not the only proteins that are farnesylated. Indeed farnesyl transferase inhibitors can block the growth of tumor cells, but this action is independent of oncogenic ras (Prendergast et al., 1996; Sepp-Lorenzino et al., 1995) . It has been suggested that rhoB is targeted by this drug and that inhibition of rhoB leads to the morphological changes induced by farnesyl transferase inhibitors (Lebowitz et al., 1997a,b) . The target for growth inhibition has not been conclusively identi®ed. The second problem is that while Ras H is readily inactivated by farnesyl transferase inhibitors, RasK is not. This may be because Ras K can be modi®ed by geranyl geranyl transferases when farnesyl transferases are inhibited (Rowell et al., 1997; Whyte et al., 1997) . Indeed ras K can be inhibited by using a combination of farnesyl transferase inhibitors and geranyl geranyl transferase inhibitors (Bernhard et al., 1998; Lerner et al., 1997; Sun et al., 1998) While the ideal drug has certainly not yet been designed for inhibition of ras, the concept of using mutated ras as a target for tumor speci®c radiosensitization remains valid.
Optimal sensitization to radiation requires that the tumor be targeted while the normal tissue is spared. Many of the genes that are mutated in cancer including p53 and ras have signi®cant eects on apoptosis and radiosensitization making them conceptually ideal targets for manipulating the radiosensitivity of tumors.
